The closed-cycle dilution refrigerator for space application is an on-going development to improve the performance of the opencycle dilution refrigerator successfully used on the Planck mission. The use of the closed-cycle refrigerator is considered in various projects in X-ray and far-infrared space instruments for astrophysics (ATHENA, SPICA) and in advanced studies for future CMB polarization surveys (LiteBIRD). We have shown that for sub-Kelvin applications, this refrigerator is fully competitive with some ADR-based solutions.
Introduction
Low temperature instruments are major means for superior sensitivity in science observation missions. Recently, 100 mK or lower temperature is desired to obtain a high sensitivity and a high resolution spectroscopy (Athena, SPICA, LiteBIRD, etc.). 1)− 4) A closed-cycle dilution refrigerator is a key technology to cool down to 50 mK with a comparable cooling power as an adiabatic demagnetization refrigerator but a 100 % duty cycle in space. This is an advanced design model based on the open cycle dilution refrigerator mounted in Planck satellite, 5) , 6) and the model can creates a breakthrough in space dilution refrigeration by making the lifetime 2 times longer (> 5 years) with 10 times more cooling power than the open cycle dilution refrigerator. In this design, 3 He gas circulates in a closed-cycle instead of being rejected into space, which provides higher flow rate without limitation of lifetime determined by amount of gas in the storage tank.
As a current target, longer than 5 years of lifetime with cooling power of 0.5 ∼ 1 µW at 50 mK is required. These are consistent with requirements in current proposed missions. To achieve this, a space qualified helium-3 circulator is needed as a new important research and development, and the technology of the low pressure compressor for 1K-class Joule Thomson cooler is one of primal candidate. 7) Then, a 4 He / 3 He separator in a still and a fountain pump to circulate a superfluid 4 He at low temperature are also needed.
2. Conceptional design of the closed-cycle dilution refrigrator Figure. 1 shows helium circulation lines of the closed-cycle dilution refrigerator. 8)− 10) The key idea of the closed-cycle dilution process is to inject and mix both helium isotopes through two capillaries in a Y-junction, and recover the mixture through a third capillary. At low temperature (< 0.1 K), the dilute phase has a finite solubility of 3 He of 6.6 %. If the 3 He concentration exceeds this value, not all 3 He is diluted, but some stays in the 3 He-rich phase forming 3 He droplets. In the closed-cycle dilution refrigerator, the cross section of the capillary is designed to be plugged by these 3 He-rich phase droplets where the capillary forces play the role of gravity. The 4 He circuit does not exist in a standard dilution refrigerator and such a refrigerator cools by moving 3 He from a 3 He-rich phase to a dilute phase. On earth, gravity separates the 3 He-rich phase from the dilute phase in a mixing chamber.
The saturated liquid mixture produced in the mixing chamber enters the counter flow heat exchanger to precool the incoming 3 He before returning into the still. The 4 He is extracted from the still through a superleak by means of a fountain pump, which can only work below the superfluid transition temperature. The 3 He is extracted by pumping on the gaseous phase much richer in 3 He (> 90 %) than the liquid phase (∼ 10 %) and then re-condensed into the dilution. In zero gravity state, the vapor liquid phase separation must be achieved in a porous material confining the liquid phase into the still. It is possible to obtain the cooling performance of closed-cycle dilution refrigerator with a still pressure in the range 0.5∼1.0 kPa. This relaxes the requirements of the 3 He circulator compared to a classical dilution refrigerator.
From the technological point of view, the design of mixing chamber including Y-junction has a heritage of Planck mission. 5), 6) We have performed the test successfully with an upside-down version of the closed-cycle dilution refrigerator including the mixing chamber, still and fountain pump. The construction and tests of the upside-down dilution refrigerator are still unpublished. Then, a helium-3 circulator is a critical component to realize the space dilution refrigerator and should be obtained a realistic performance of the cooler with it.
When a cooling chain using the closed-cycle dilution refrigerator is considered for a space mission, it requires a heat lift of 5∼10 mW at 1.7 ∼ 1.8 K. One primal candidate as a pre-cooler is a 1K-JT, which provides a cooling power of 10 mW at 1.7 K. Therefore, 1.75 K is targeted as a heat sink of a 3 He circulation line and a fountain pump outlet 4 He return line, and the rejected heat into the pre-cooler, mainly generated by a fountain pump must be lower than 10 mW.
The target and the design of the helium-3 circulator
The most important design parameter of the circulator is the inlet pressure P inlet , which determines the operation temperature of a still and also has an influence on a helium-4 circulation. As a first trial, the target P inlet of 0.4 kPa was determined based on the result of the closed-cycle dilution experiment using the commercial pump. A pressure drop of 0.1 kPa was assumed Fig. 1 . The schematic drawing of the closed-cycle dilution refrigerator. The helium-3 is extracted by pumping with 3 He compressors on the gaseous phase much richer in 3 He (> 90 %) than the liquid phase (∼10 %) and re-condensed into the still and mixing chamber. Helium-4 is extracted from the still through a superleak by means of a fountain pump.
between an interface of the circulator and the cold part in this target. In principle, a cooling power is determined by a 4 He flow rate as a function of a temperature at a mixing chamber when 3 He flow rate is enough. Table. 1 in 9) shows that a 4 He flow rate of 350 µmol/sec is needed to obtain a cooling power of 1 µW at 47 mK for a 3 He circulation rate of 28.8 µmol/sec at a still pressure of 10 kPa. Therefore, the target flow rate of 3 He has been 33 µmol/sec (100 µg/sec) in this study. Then, the outlet pressure of 20 kPa has been detemined as a target based on the experiments of the cold part.
The compressors design was based on the compressor developed for 1 K-class Joule Thomson cooler (1K-JT). 7) Though the inlet pressure of 8 kPa for the 1K-JT is assumed to be the lowest pressure provided by space qualified compressor, it is still challenging that the inlet pressure design must be improved to achieve 1/10 lower target inlet pressure (8 kPa → 0.4 kPa).
In this design, 3 stage compression was determined using 3 units of compressors in series. 70 mm piston diameter was used to reach the required flow rate for low pressure compressor (H3CL), while 40 mm and 25 mm piston diameter were used for middle and high pressure compressors respectively. New suc- Fig. 2 . The schematic drawing of the helium-3 circulator using 3 units of compressors. The inlet and outlet pressures are measured by the the pressure gauge PL and PH, respectively. Mass flow meter is located close to outlet port of high pressure compressor. A getter or a particle filter can be selected in the circulation line. tion / discharge valves with thin spring were installed for all compressors. Figure. 2 and 3 show the helium-3 circulator test model. Cooling fans are located close to each cylinder of compressors. The mass flow meter is installed after the outlet port of the high pressure compressor to prevent the influence of the pressure drop in it. A high resolution pressure transducer MKS 690A is used to measure the inlet pressure, while MKS 121A pressure transducers are used for three other pressure. A getter and a gas filter to reject an impurity and particle in the working gas are installed in parallel.
VJ1 and VJ2 valves are used to connect the gas handling system and dilution cold part. The isolated performance test of the helium-3 circulator can be done independently by closing these valves, disconnecting from the dilution cold part, and using the closed circuit through the throttle valve located between these interface valves. The isolated performance with different flow rate can be measured with the throttle valve.
4. Performance measurements of the helium-3 circulator 4.1. Relation between flow rate and inlet / outlet pressure Figure. 4 shows measured inlet / outlet pressure as a function of flow rate in the performance test. These driving frequencies for 3 compressors were between 22∼26 Hz, which were lower than typical driving frequency for Joule Thomson coolers. The circulation performance was also checked by connecting the gas handling system. The inlet pressure provided by the helium-3 circulator was measured with several charged pressure, the lowest inlet pressure was 0.4 kPa even when the throttle valve was closed to be zero flow rate. This suggests that there is a leakage at undesirable level between the suction and discharge valves in the low pressure compressor, and the target inlet pressure cannot be achieved unless the level of leakage is reduced. Though the leak rate of around 0.5 µmol/sec have been already measured for each valve and piston clearance respectively in low pressure compressor, these measurements were at steady flow. Therefore, a possibility of a higher leakage with a frequent dynamic gas flow must be assumed when the gas flow in the circulator is created by the piston moving in compressors. Then, measured inlet pressure at the flow rate of 20 µmol/sec was 0.79 kPa, with which the dilution process was still promising. Hence, the target value of the inlet pressure was modified to be < 0.8 kPa.
In these measurements shown in Fig. 4 , charged pressure were between 2.28 and 2.53 kPa. Most of all circulation performances were obtained with 4 He as a working gas, and the performance with 3 He was also measured and compared with the performance using 4 He. As shown in Fig. 4 , the relation between inlet pressure and the flow rate was quite same for both gases, while measured outlet pressure was different with same driving parameters of compressors because of difference of temperature around the circulator as well as charged pressures. These indicate that the effect of different working gas, 4 He and 3 He, is quite small, and the limitation of the inlet pressure provided by the circulator does not strongly depends on the charged pressure. Then, a pressure drop between the inlet and the compression space in the low pressure compressor is the primal candidate to limit the inlet pressure, and the reduction must be needed for next improvement. Table. 1 shows the summary of the performance result of the helium-3 curculator test model. Though the initial target of inlet pressure with the required flow rate was not achieved, current performance was accepted as a helium-3 circulation pump by modifying the target for trying the closed-cycle dilution refrigerator experiment. Then, total electrical power of all compressors was quite lower than 80 W, which was an upper limit defined as a prior condition.
10 hours performance measurement
The lifetime is critical for mechanical compornents needed for the dilution refrigerator, in particular for the helium-3 circulators. On the other hand, current phase is bread board model (BBM) demonstration phase, and typical duration time to cool down from higher than 10 K to 50 mK is expected to be about 1 day. Hence, a performance measurement with a duration of a half of day is enough to verify the circulator before connecting the dilution cold part. Figure. 5 shows behaviors of pressures, the flow rate and the temperature of the table on which these compressors and all components are mounted. The table temperarure increased and became to be stable after 5 hours of operation. This temperature rise was caused by a temperature rise of atmosphere in the daytime as well as the heat dissipation of these compressors. The increase of the flow rate can be explained by the temprature rise and the equation of state n = R × T/(P × V).
In this measurement, no degradation of the flow rate as well as inlet and outlet pressures exist, and we concluded that the experiment could be proceeded smoothly to the dilution refrigerator measurement by connecting the circulator with the dilution cold part.
Performance measurements of the closed-cycle dilution refrigerator
The helium-3 circulator test model was connected to the dilution cold part through gas handling system. The gas handling system was mainly designed to switch the 3 He circulation pump from a commercial pump to the helium-3 circulator test model, and manage amount of 3 He and 4 He mixture working gas in this refrigerator.
There are 3 steps for the cooling experiment, 1) switch the 3 He circulation pump to the helium-3 circulator test model and monitor these cold part temperatures when the temperature of the mixing chamber was 70 mK, 2) cool down from 1 K to lower than 100 mK with the test model, 3) cool down from 18 K to lower than 100 mK with the test model. The temperature of the heat sink T sink was 1.35 K or 1.75 K.
As a experimental result, 70 mK was successfully obtained in all 3 steps of these cooling experiments even with the heat sink temperature T sink of 1.71 K. It could cool down from 18 K to 70 mK in less than 12 hours by injecting the mixture gas into the cold part with respect to each temperature phase. The design of the test model of the cold part in particular mixing chamber was conservative and the lowest temperature using the commercial pump was also 70 mK. Hence, these results indicate no problem with the helium-3 circulator to cool below 100 mK. Table. 2 shows the summary of the experimental result of the closedcycle dilution refrigerator.
The cooling power of the dilution refrigerator with the helium-3 circulator was also successfully measured. The estimated parasitic heat to the mixing chamber was 3.3µW, which is almost consistent with the predicted heat load through the kevlar suspensions. Then, the measured cooling power at 100 mK is 3.5 µW with the helium-4 flow rate of 236 µmol/sec, which is also consistent with theoretical value. As a further study, the cooling power of higher than 1 µW at 50 mK is targeted for future space science missions. Then, based on the result of the analysis of the cooling experiment, the inlet pressure of 0.4 kPa is needed with helium-3 flow rate of higher than 33 µmol/sec after all. Hence, the helium-3 circulator should be improved to obtain the cooling performance, and a reliability of compressors must be also considered as a next step. 
Conclusion
In this study, following results have been obtained.
• The helium-3 circulator test model was designed, fabricated and measured for the closed-cycle dilution refrigerator.
• Measured inlet pressure provided by the helium-3 circulator was lower than 0.8 kPa with 33 µmol/sec, with which the dilution refrigerator process could be expected to work, and the compression performance with 3 He as a working gas was almost consistent with the performance using 4 He.
• As a preliminary experimental result, the cooling measurement successfully achived to cool down from 18 K to 70 mK by connecting the helium-3 circulator test model to the dilution cold part through the gas handling system with no significant defect with the circulator.
The closed-cycle dilution refrigerator can resolve significantly the storage tank limitations of the Planck open cycle dilution refrigerator in view of future space missions with higher cooling power and longer lifetime. On the basis of the study and the experimental results, next target of the performance of the helium-3 circulator will be determined by taken into account a required lifetime.
The experimental success is a small step in the world, but it is a great step for the world of space cryogenics. We believe that these types of dilution refrigerator will be a major means near future for making 50 mK in spacecraft.
